Pathogenic Gram-negative bacteria use a type three secretion system (TTSS) to deliver virulence factors into host cells. Although the order in which proteins incorporate into the growing TTSS is well described, the underlying assembly mechanisms are still unclear. Here we show that the TTSS needle protomer refolds spontaneously to extend the needle from the distal end. We developed a functional mutant of the needle protomer from Shigella flexneri and Salmonella typhimurium to study its assembly in vitro. We show that the protomer partially refolds from -helix into -strand conformation to form the TTSS needle. Reconstitution experiments show that needle growth does not require ATP. Thus, like the structurally related flagellar systems, the needle elongates by subunit polymerization at the distal end but requires protomer refolding. Our studies provide a starting point to understand the molecular assembly mechanisms and the structure of the TTSS at atomic level.
a r t i c l e s
Shigella dysentery, typhoid fever and the plague are diseases that affect more than 20 million people per year. Understanding the disease mechanism could open the door to inexpensive treatments for these diseases, which affect mainly developing countries. The bacterial species that cause these life-threatening diseases require a TTSS to deliver virulence factors. TTSSs consist of a multiannular base crossing both bacterial membranes and an extracellular needle-shaped structure [1] [2] [3] [4] [5] [6] [7] [8] [9] . The major needle component-YscF, PrgI and MxiH in Yersinia enterocolitica, S. typhimurium and S. flexneri, respectively-is a small protein (protomer) that is conserved among TTSSs 10 ( Supplementary  Fig. 1 ). Recent studies in Y. enterocolitica 2 and S. typhimurium 11 elegantly show that TTSS proteins that interact with the protomer control the length of the growing needle. However, the protomer could not be investigated in detail due to its spontaneous polymerization. To advance our understanding of this huge macromolecular system, it is essential to analyze its assembly mechanism. Here we address the questions of how the soluble cytosolic protomers switch into a polymerization-competent state and to which end of the needle these proteins are attached during growth [12] [13] [14] [15] .
RESULTS

Design of a functional and soluble needle protomer mutant
Thus far, biophysical and biochemical studies of TTSS needles have used C-terminally truncated protomers that were soluble but nonfunctional. In a systematic mutagenesis screen, we identified a mutant that is soluble when expressed heterologously in Escherichia coli (Fig. 1a) . This mutant carries modifications in two conserved residues near the C terminus (Val65 and Val67, referring to the PrgI sequence from S. typhimurium in Supplementary Fig. 1 ). Notably, this V65A V67A double mutant (prgI*) is fully functional, as it complements a prgI knockout in S. typhimurium (ΔprgI) as efficiently as wild-type prgI in secretion (data not shown) and epithelial cell invasion assays (Fig. 1b) .
Polymerization of purified TTSS needle protomer mutants
Notably, purified PrgI* and its homolog MxiH* from S. flexneri spontaneously polymerize, forming a gel at high concentrations (Supplementary Fig. 2 ). PrgI* assembles into nonamyloid filaments, as shown by weak enhancement of thioflavin T fluorescence 16 during polymerization and X-ray fiber diffraction experiments 17 of in vitro needles lacking the 4.7-Å peak that is typical for cross-β-structures (Supplementary Fig. 3 ). Transmission electron microscopy (TEM) revealed that needle protomers form defined spicular structures ( Fig. 1c and Supplementary Fig. 4 ) 10-13 nm in diameter. This diameter corresponds to that of TTSS needles of S. typhimurium analyzed by cryo-electron microscopy 8, 18 , supporting the functionality of protomer mutants. Purified PrgI* or MxiH* polymerize into very long needles (several μm in length instead of 50-70 nm for native needles; Fig. 1c and Supplementary Fig. 4 ) similar to reconstituted TTSS needles from Pseudomonas aeruginosa 19 . In agreement with recent reports in vivo, these results suggest that the needle length may be controlled by specific proteins, such as PrgJ 8 
a r t i c l e s
The assembly of TTSS needles in vitro can be divided in two steps, nucleation and elongation 21 . We analyzed the kinetics of PrgI* polymerization to determine the rate-limiting step using dynamic light scattering (DLS). With this method, we measured the volume fractions of the monomer and the growing needle. In this process, a lag phase was followed by needle growth in conjunction with a rapid decrease in free protomer concentration (Fig. 1d) . The kinetic behavior indicates that nucleation is the rate-limiting step in PrgI* needle formation and might be indicative of the behavior of the wild-type protein.
Elongation of the TTSS needle in vitro
It is not known whether, during in vivo TTSS assembly, the newly synthesized protomers are transported through the growing needle to the distal end or are incorporated at the proximal end 22 . To test this, we mixed isolated TTSSs from either S. typhimurium or S. flexneri (see Online Methods) with purified protomer PrgI* or MxiH*, respectively. Addition of the autologous protomer elongated TTSS needles substantially (Fig. 2a,b) , to more than 5 μm in average length (Fig. 2c) . TTSSs without protomer addition showed particles of constant length only (Fig. 2c) . These results show the structural compatibility of the mutated and autologous protomers. We observed that the assembly is directional, as each elongated needle emerged from a single TTSS (Fig. 2b, enlarged images) . Notably, we did not observe needle elongation after the addition of the heterologous protomer to purified TTSSs (S. typhimurium with MxiH* and S. flexneri with PrgI*, data not shown). Consistently, S. typhimurium or S. flexneri, which were genetically complemented with the heterologous protomer, did not form needles and were unable to restore host invasion 23 . These experiments suggest that there is a structural incompatibility of needle proteins and TTSSs from different bacteria, in agreement with electrostatic differences in protomer surfaces found by previous work 23 .
We tested the in vitro needle elongation by adding capping proteins such as IpaD, which forms the tip of the TTSS in S. flexneri 13, 15 . We reasoned that, if needle elongation reflected a physiological process, the addition of these capping proteins should arrest needle growth. Indeed, whereas incubation of TTSS isolated from S. flexneri with MxiH* yielded an average needle length of 5 μm, TTSS incubated with both MxiH* and IpaD had an average needle length of 1 μm (Fig. 2c) .
Isolated TTSS was most likely to grow in the absence of ATP or any other energy source, indicating that secreted PrgI* and MxiH* assemble spontaneously at the distal end. Therefore, it is likely that the unfolding in the cytoplasm and transport of the protomer through the needle require energy in vivo 24 , but the assembly does not. Taken together, these in vitro experiments examining needle elongation support the model of a distal addition of the protomer to the needle and are consistent with reports showing that the structurally related flagellum is also elongated at the distal end 22 .
X-ray crystal and solution-state NMR structure of PrgI* To further understand the polymerization of the protomer during needle formation, we analyzed the structure of PrgI* in solution and in needles. Purified PrgI* is predominantly α-helical and monomeric in solution, as proven by circular dichroism and analytical ultracentrifugation ( Supplementary Fig. 5 ). X-ray crystallography showed that residues starting from Gly19 to the C terminus of PrgI* adopt an α-helical hairpin conformation ( Fig. 3a and Table 1 ). ESI-MS showed that crystallized PrgI* was not proteolytically degraded, indicating multiple conformations of the N-terminal 18 residues in the crystal. The ensemble of 25 NMR solution structures ( Table 2 , Supplementary Fig. 6a , representative NMR structure in Fig. 3a and HSQC spectrum in Supplementary Fig. 7) show a defined N terminus of the protomer, resulting in structural information for residues Trp5-Arg80 (r.m.s. deviation of 0.56 Å for Cα atoms). In solution, the NMR parameters indicate a helical conformation for residues a r t i c l e s Asp11-Thr18, showing an extension of the N-terminal helix compared to that of the crystal structure. The core regions (residues Gly19-Lys37 and Ala42-Tyr57) of the NMR and X-ray structures superimpose well (Supplementary Fig. 6b) , with an r.m.s. deviation of 0.77 Å for Cα atoms. The two structures show slightly different helical conformations at the C terminus, which might be explained by crystal packing. Notably, chemical-shift deviations from random coil values (secondary chemical shifts) for Cα nuclei of PrgI* suggest a reduced α-helix propensity outside of the core region defined above (Supplementary Fig. 8 ). These deviations can be explained by a higher flexibility of residues Asp11-Thr18 in the N-terminal α-helix and Gln61-Asn78 in the C-terminal α-helix of PrgI*. Overall, the structures indicate that the C terminus of PrgI* is α-helical, including the last five residues, and that the N terminus is flexible. Mutational analysis shows that the six N-terminal residues of PrgI were dispensable for TTSS function, as determined by host-cell invasion (prgI plasmids (pprgI) pprgI ΔN6 and pprgI ΔN8 in Fig. 1a) . In contrast, the C terminus of PrgI is required for needle formation and invasion (pprgI ΔC5 and pprgI ΔC-His in Fig. 1a) , as already reported 23, [25] [26] [27] [28] . Previous structural studies of different TTSS needle protomers using NMR 23, 27 or X-ray crystallography 29 were limited to C-terminal truncation mutants. These data show that the crystal and NMR structures presented here are the first ones 29, 30 to our knowledge of a functional TTSS needle construct (PrgI*) before polymerization, as opposed to previous studies (Supplementary Fig. 9 ). This structure may reflect the conformation of the protomer in the cytosol.
PrgI* polymerization is coupled with a conformational change
To detect conformational changes in the protomer upon attachment to the needle, we recorded time-dependent Fourier transform infrared (FTIR) spectra of purified PrgI* (Fig. 3b) . The α-helical character of the protomer before polymerization is shown by the amide-I band at 1,655 cm −1 (ref. 31) (downward arrow in Fig. 3b) . The time-resolved difference spectra showed a decrease of the amide-I band intensity as well as two increasing bands indicative of β-strand formation at 1,617 cm −1 and 1,694 cm −1 (upward arrows in Fig. 3b) . Thus, a backbone α-helix-to-β-strand conversion 31 in PrgI* affecting ~20% of the residues occurs simultaneously with the polymerization process (see Supplementary Methods).
C terminus of polymerized PrgI* adopts b-strand conformation
To locate the residues involved in the α-helix-to-β-strand conversion, the structure of PrgI* within the needle was probed with magic-angle spinning (MAS) solid-state NMR spectroscopy (ssNMR). Multidimensional correlation spectra confirmed α-helical and random-coil secondary structure, in line with a helical core and flexible termini. Notably, ssNMR spectra, in agreement with FTIR data from the needle, indicate protomer regions in a β-strand conformation. At the least, these conformations relate to a b a r t i c l e s residue types alanine, aspartate, isoleucine, leucine, asparagine, serine and threonine (Fig. 3c, blue labels) . In particular, the isoleucines, which are found within C-terminal residues 71-76 (Fig. 3a) exclusively, show only β-strand chemical shifts after needle formation. Except for the described β-strand correlations, we found an excellent match between solution-and solid-state NMR results (Fig. 3c) . A list of possible backbone configurations for all residues in PrgI* is presented in Supplementary Table 1 and Supplementary Figure 10 .
Multiple unambiguous sequential resonance assignments, derived as shown in Supplementary Figure 11 and denoted along the sequence in Figure 4a , further facilitated the localization of secondary-structure elements. The results point to two β-strands that comprise at least residues Ser62-Ala65 and Ile71-Ile76. Both β-strands potentially form a hairpin motif involving Lys69 and Asp70 (Fig. 4a,b) , where Phe68 would account for the extended-strand phenylalanine resonances ( Supplementary  Fig. 12 ). The central helix-turn-helix motif comprising residues Val20-Glu53 is conserved, and possible extension by several residues in both directions is consistent with the spectra (Fig. 3c) . In particular, both glutamates (Glu29 and Glu53) should reside within α-helices, as chemical-shift correlations for other secondary-structure elements are absent (Supplementary Fig. 12 ). Although random coil-type chemical shifts from solution for N-terminal residues match well with the ssNMR spectra, a detailed structural description for this segment remains elusive. Notably, chemical shifts for Thr18 and Gly19 suggest a stabilization of the α-helix for these two residues relative to solution. We probed a potential β-sheet comprising Tyr8 and Leu9 with C-terminal residues, which would be compatible with several unassigned tyrosine and leucine correlations, by comparing spectra for PrgI* with and without additional Y8A and L9A mutations. Based on the high similarity of the spectra, we ruled out this possibility (Supplementary Fig. 13) . Furthermore, the presence of a leucine spin system in INEPT-based spectra that contain only signals from flexible protein segments (Supplementary Fig. 14) supports that the N terminus is indeed disordered at least up to residue Leu9. We detected multiple signal sets, which may be attributed to polymorphism, for threonine and isoleucine, and likewise, spectral overlap could be aggravated for other residues. PrgI* chemical-shift characteristics were reproduced over all four uniformly labeled samples used in total. In summary, the soluble protomer adopts an α-helical hairpin structure that, during needle assembly, changes conformation into two extended strands comprising approximately the C-terminal 18 residues of PrgI*.
It is noteworthy that mutated residues V65A and potentially V67A as well as wild-type residue Ile76 at the C terminus, which was deleted in mutants used in previous studies, are part of the β-strand in protomer needles. As the β-sheet propensity of valine is higher than that of alanine, it is likely that the α-helix-to-β-strand transformation accounts for the formation of the needle. Due to the high sequence similarity of the protomers 10 ( Supplementary  Fig. 1 ), we expect that the C-terminal β-sheet is essential for the TTSS needle assembly in various different bacterial pathogens.
DISCUSSION
In summary, we developed a functional and soluble protomer mutant, which allowed us to detect important steps in the assembly of TTSS needles. The needle protomer adopts an α-helical hairpin-like structure before polymerization. This may reflect the protein conformation inside the bacterial cytosol (Figs. 3a and 4a,b, state I) , which, for some protomer homologs, might be trapped by binding specific chaperones 19, [32] [33] [34] . As shown by previous work, the protomer is mounted by the annular portion of the TTSS in a process that involves proteins like PrgJ in S. typhimurium forming the central rod of this protein complex 20 . Notably, we found that the TTSS needle itself serves as a polymerization nucleus for the ATPindependent addition of protomers (Fig. 2) . Hence, after the first protomer molecules are positioned by additional 'scaffolding' proteins 8, 18, 20 , the needle may provide a polymerization platform for arriving protomer molecules. In living bacteria, protomer molecules are unfolded in an energydependent process and may be transported 24, 35, 36 through the channel formed by the TTSS toward the distal end of the growing needle (Fig. 4b) . In S. flexneri, the inner needle diameter was determined to be 20-30 Å in size. This channel diameter would allow the passage of a folded helix, or even a helical hairpin, through the TTSS. The spontaneous polymerization (Fig. 3a,b) of protomer into TTSS needles requires a conformational change in the C-terminal helix of the protein into a β-sheet conformation ( Fig. 4a,b, state II) . It is noteworthy to compare the assembly of the TTSS and the flagellum, which are closely related. It is not known whether protomer refolding is required for the assembly of the flagellum 35 . As the flagellum also grows at the tip, it will be rewarding to determine whether the structural changes observed here are unique to the TTSS. The observed conformational changes of the protomer from α-helix to partially β-sheet are fundamental for a correct description of the TTSS needle structure in the future. Structure determination of the protomer in the needle at atomic resolution using solid-state NMR is currently in progress in our laboratories. Because assembly of the TTSS needle is essential for bacterial virulence, searching for substances that inhibit protomer refolding could lead to the discovery of a novel target for the development of compounds that specifically interfere with pathogenic enterobacteria.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
